Abstract -Device-quality crystallographically oriented epitaxial (100)Ge and (110)Ge were grown on GaAs substrates using a large bandgap AlAs buffer. Electrical characteristics of p-type metal-oxide-semiconductor (pMOS) capacitors, fabricated from the aforementioned material stacks, are presented for the first time. High-resolution cross-sectional transmission electron microscopy analysis demonstrated atomically abrupt heterointerfaces between Al 2 O 3 /Ge as well as Ge/AlAs for both (100) and (110) 
to those of silicon (Si) [1] . Numerous methods have been demonstrated to heterogeneously integrate Ge on to GaAs substrates [2] [3] [4] [5] [6] , and thus aiding the eventual transfer of Ge on to Si substrates in order to streamline Ge into the standard Si CMOS process flow. However, carrier confinement remains an issue for Ge directly integrated on to GaAs due to the low valance band and conduction band offsets at the Ge/GaAs heterointerface. Recently, a novel method was demonstrated wherein epitaxial Ge was heterogeneously integrated on to AlAs/GaAs via molecular beam epitaxy (MBE) [7] , [8] . High conduction and valance band offsets of ∼1 and ∼0.5 eV, due to the large bandgap (2.17 eV) AlAs buffer layer, aid in confining electrons and holes to the active Ge layer, thereby restricting carrier transport solely to Ge and preventing parallel conduction [9] . Moreover, in addition to improved carrier confinement, III-V buffers more closely match the thermal expansion coefficient of Ge, and are, therefore, less likely to suffer from defects generated by the relaxation of thermally induced mechanical stress, e.g., as compared to Si 1−x Ge x [10] .
Simultaneously, the adoption of the FinFET architecture has resulted in enhanced gate control over channel electrostatics due to its multigate design [11] . Consequently, short-channel effects have been drastically mitigated, thereby allowing for continued transistor scaling. Thus, an attractive approach is to combine epitaxial Ge integrated on to AlAs/GaAs with FinFET technology, allowing for the exploitation of enhanced Ge hole mobility along <110> directions [1] , [12] , and hence the continued scaling of operating voltages below 0.5 V. In order to pursue Ge-based FinFET architectures, it is necessary to study the interfacial passivation of both (100) and (110) epitaxial Ge grown on AlAs/GaAs buffer layers, thereby mimicking the (110) sidewall and (100) top surfaces intrinsic to an FinFET device. Although investigations have been performed on the interfacial passivation of crystallographically oriented bulk Ge metal-oxide-semiconductor (MOS) capacitors [13] , [14] , no prior work exists on the study of interfacial passivation of crystallographically oriented epitaxial Ge MOS capacitors [15] [16] [17] [18] [19] . Moreover, it remains unclear as to whether postdeposition or postmetallization annealing is needed in order to obtain low interface-induced defects (D it ), low equivalent oxide thickness (EOT), and low oxide trap density (N OT ), all of which are essential for epitaxial Ge-based FinFET devices.
Therefore, this paper investigates the impact of crystallographic orientation on: 1) EOT scaling and 2) the passivation of interfacial defects and oxide charges at the oxide/Ge heterointerface for epitaxial (100)Ge and (110)Ge grown on GaAs substrates using a large bandgap AlAs buffer. Various annealing schemes were utilized to obtain a balance between EOT and the passivation of defects/charges, thereby yielding optimized (100) and (110) oxide/Ge heterointerfaces suitable for FinFET implementation. Temperature-dependent multifrequency capacitance-voltage (C-V ) and conductancevoltage (G-V ) measurements were used to analyze the electrical quality of the oxide/Ge heterointerface. Cross-sectional transmission electron microscopy (TEM) was used to investigate the structural quality of each oxide/Ge heterointerface. X-ray photoelectron spectroscopy (XPS) analysis was performed to determine the oxide composition of the thermally grown GeO x for each orientation and relate the results with the measured electrical characteristics.
II. EXPERIMENT
Two lattice-matched heterostructures, consisting of (100)Ge and (110)Ge on AlAs buffers, were grown on GaAs substrates by solid-source MBE. A 250-nm GaAs buffer layer was first grown on the (100)GaAs (offcut 6°toward the [110] direction) and (110)GaAs substrates at a growth temperature of 650°C, and a growth rate of 0.5 μm/hr. Following GaAs homoepitaxy, a 170-nm AlAs layer was grown at 670°C. Upon completion of the composite buffer growth within the III-V chamber, the sample was cooled down and transferred to the Ge growth chamber via an ultra-high vacuum transfer chamber. The unintentionally doped (uid) 270-nm Ge layer growth was performed at 400°C using a low growth rate of 0.067 Å/s. Full details of the growth process are reported elsewhere [7] , [8] .
High-resolution TEM (HR-TEM) was performed in order to characterize the oxide/Ge and Ge/AlAs/GaAs heterointerfaces. The composition of thermally grown GeO x on (100)Ge and (110)Ge was investigated using XPS. Additionally, Hall measurements employing the van der Pauw geometry were performed on (100)Ge and (110)Ge samples, revealing a ∼2 × 10 18 cm −3 uid concentration exhibiting electron-like conduction.
pMOS capacitors were fabricated on the epitaxial (100)Ge and (110)Ge material stacks following identical fabrication processes. After a standard degrease and removal of native oxide using dilute (1:10) hydrofluoric acid, a high-quality native GeO x passivating layer was formed by thermal oxidation at 450°C for 40 min in an ultrahigh purity oxygen (O 2 ) ambient. Immediately afterward, a 4-nm Al 2 O 3 gate oxide was deposited at 250°C using atomic layer deposition from trimethylaluminum and DI H 2 O. The 0.8-nm TiN/100-nm Al gate electrodes and 0.8-nm TiN/100-nm Al/10-nm Ti/30-nm Ni ohmic contacts were subsequently deposited using electron beam deposition. Temperature-and multifrequency-dependent C-V and G-V measurements of the fabricated Ge MOS capacitors were performed on an ARS cryogenic probe station using a HP4284A precision LCR meter with frequencies ranging from 1 kHz to 1 MHz. Following initial electrical characterization, the fabricated devices were subjected to postmetallization annealing under an O 2 or forming gas (N 2 :H 2 , 95%:5%) ambient. An alternative device lot underwent postdeposition annealing in an O 2 ambient prior to gate metal evaporation, as opposed to postmetallization annealing. Table I summarizes the annealing schemes investigated in this paper.
III. RESULTS AND DISCUSSION
A. TEM Analysis of Al/Al 2 O 3 /GeO x /(100)Ge and (110)Ge/AlAs/GaAs Material Stacks 
B. XPS Analysis of Interfacial GeO x Composition
In order to study the as-grown GeO x composition, XPS measurements were performed on epitaxial (100)Ge and (110)Ge surfaces oxidized at 450°C prior to annealing. Fig. 2 (a) and (b) shows the representative XPS spectra for the Ge 3d orbital from each (100)Ge and (110)Ge surface, respectively, where the curves corresponding to Ge 4+ , Ge 3+ , Ge 2+ , Ge 3d 3/2 , and Ge 3d 5/2 were determined by fitting (shown in red) against the measured envelope spectra (shown in black). As shown in Fig. 2 (a), the Ge 4+ peak was found to dominate the (100)Ge surface, whereas the GeO x suboxide peaks exhibited substantially lower intensity. These results indicate that GeO x thermally grown on epitaxial (100)Ge surfaces predominantly consists of stoichiometric GeO 2 . Conversely, for the (110)Ge surface shown in Fig. 2(b) , the Ge 3+ peak dominated the measured spectra, resulting in an increased convolution of the O-Ge and Ge-Ge related spectral features. Consequently, the resultant (110)Ge native oxide composition was found to be predominately Ge 2 O − 3 , which is in stark contrast to the as-grown GeO x composition on epitaxial (100)Ge surfaces. These results differ from the bulk Ge case, where thermally grown GeO x was found to be predominately composed of GeO 2 irrespective of surface orientation [13] . In the following section, we will investigate the impact of these thermally grown oxide layers on the fabricated MOS C-V characteristics and account for the discrepancies in oxide composition.
C. MOS Capacitor C-V and Conductance
Characteristics of Al/Al 2 O 3 /GeO x /(100)Ge Gate Stacks , and forming gas postmetallization anneal (FGA), measured at temperatures ranging from 78 to 300 K. The C-V curves shown in Fig. 3 were measured at 78 and 300 K (other experimental results not shown) in order to demonstrate the suppression of the minority carrierrelated weak inversion response as a function of decreasing temperature [8] , [20] , [21] . C max decreased for all annealing schemes investigated, as shown in Fig. 3(c) -(h), thereby indicating an increase in EOT with annealing due to the formation of additional interfacial GeO x . Furthermore, we note that EOT significantly increased with O 2 PMA, as compared to the alternative annealing schemes, due to the additional oxidation of the Al gate metal at the gate metal/dielectric interface. For the as-deposited case, there was a small frequency dispersion kink in the depletion regime, which was apparent even at low temperatures (i.e., 78 and 150 K). The temperature independence of this feature suggests that it was not due to the weak inversion response from minority carriers [20] , but rather N OT -and/or D it -related charge trapping. Moreover, this kink was not suppressed with O 2 PDA, as shown in Fig. 3(c) . Conversely, the observed midgap trap response was found to be better suppressed using FGA, as shown in Fig. 3(e) , although it remained marginally apparent at 78 K. Under O 2 PMA, the kink was completely suppressed, demonstrating effective passivation of the associated charge-trapping center. Due to the temperature independence of this feature and its suppression only following postmetallization forming gas or O 2 annealing, it can be attributed to the formation of metal-induced bandgap states (MIGS) introduced via metal wave function decay into the oxide bandgap or a disordered interfacial microstructure at the gate metal/oxide interface [22] [23] [24] . Lastly, unlike the cases for FGA and O 2 PMA, a low-frequency inversion-like response persisted at 78 K under the O 2 PDA scheme, suggesting that traps with quick response times remain uncompensated when using the O 2 PDA process. Fig. 4 shows the G p /ω contours of the (100)Ge MOS-Cs, wherein the contour intensity follows the scale indicated in Fig. 4(h) . The G p /ω contours shown were extracted from measurements taken at 78 and 300 K in order to separate the contribution of minority carrier conduction [8] , [20] , [21] from the Fermi-level tracing, thereby yielding a more accurate representation of the devices' Fermi-level efficiencies (FLEs). Significant broadening of the contours was observed at 78 and 300 K for the as-deposited and O 2 PDA cases. In fact, this broadening worsened for the O 2 PDA case at 78 K, wherein the low intensity conductance region (blue) increases in width across voltage bias. This broadening suggests increased charge trapping due to a large presence of D it at the GeO x /(100)Ge interface resulting from insufficient DB passivation and/or oxide defects in close proximity (≤1 nm) to the interface [21] . On the other hand, the G p /ω contour widths tapered significantly for the FGA and O 2 PMA cases, as shown in Fig. 4(e)-(h) , respectively. Furthermore, the Fermi-level traces appeared steeper for both FGA and O 2 PMA as compared to either as-deposited or O 2 PDA conditions. Such steep Fermi-level traces demonstrate good modulation of the Fermi level with respect to gate voltage (V G ), corresponding to efficacious D it passivation [25] . The reduction of the measured G p /ω contour intensity to below background levels [ Fig. 4(g) ] indicates excellent electrical passivation, expected to correlate with a strong decrease in D it for the FGA and O 2 PMA schemes.
From the C-V hysteresis, the trapped oxide charge density (N OT ) was extracted for each annealing condition using [26] 
where V FB is the flat-band voltage (V FB ) shift (also known as hysteresis) between the bidirectional 100-kHz C-V sweep, q is the elementary charge, and C ox is the oxide capacitance per unit area. Additionally, the EOT value for each process condition was extracted. Table II summarizes the EOT and N OT values extracted from the (100)Ge MOS C-V measurements for the various annealing schemes investigated. As expected, EOT is highest for the O 2 PMA scheme, which correlates well with the significant decrease in C max shown in Fig. 3 (g) and (h). N OT also decreases with annealing, and was found to reduce the most under O 2 PMA, whereas FGA yielded the second lowest N OT value. Furthermore, the as-deposited and O 2 PDA processes were found to exhibit similarly high N OT , attributed to the formation of MIGS as previously discussed.
D it values for each annealing scheme were also extracted using the conductance method corrected for surface potential fluctuation [27] , [28] , where (G p /ω) max is the maximum parallel conductance G p normalized by angular frequency ω, q is the electronic charge, f D (σ s ) is the universal function of the standard deviation of band bending σ s , and A is the capacitor area. The conductance method was performed from 78 to 300 K to allow for sampling of the D it distribution over multiple ranges within the bandgap, wherein (2) can be applied to show the distribution of D it as a function of energy within the Ge bandgap [20] , [21] , [27] . Fig. 5 shows D it extracted from the measured (100)Ge pMOS devices for all annealing schemes. The D it is highest across the bandgap for the as-deposited devices (black squares) and is generally improved using annealing conditions. The lowest D it distribution was observed for the O 2 PMA scheme (D min it = 1.2 × 10 11 cm −2 ·eV −1 ), drawing a correlation to the N OT results previously discussed. Similarly, the second lowest D it distribution was achieved using FGA, exhibiting a low D it value of 3.79 × 10 11 cm −2 ·eV −1 . The increase in D it closer to midgap observed across all devices was due chiefly to the temperature-dependent supply of minority carriers to the inversion layer, which contributes to higher conductance, and thus leads to an overestimation of D it [8] , [20] , [21] .
D. MOS Capacitor C-V and Conductance
Characteristics of Al/Al 2 O 3 /GeO x /(110)Ge Gate Stacks Fig. 6 shows the C-V characteristics of the (110)Ge MOS-Cs measured from 78 to 300 K. Unlike the (100)Ge system, however, the low-frequency inversion response was not effectively suppressed at lower temperatures. Moreover, none of the investigated annealing schemes were found to strongly aid in the reduction of the low-frequency inversion response. These results suggest that despite passivation of D it via GeO x regrowth and subsequent annealing, there still exist shallow traps with quick response times distributed throughout the Ge bandgap. Moreover, the frequency-dependent threshold voltage shift indicates a high density of electrically active traps in close proximity to the valance band [20] . Similar to the case for the (100)Ge devices, C max was observed to decrease for the FGA and O 2 PMA processes, demonstrating a general increase in EOT as well as a significant increase in EOT for the O 2 PMA process, specifically. However, unlike the (100)Ge devices processed under the O 2 PDA scheme, EOT was found to decrease for (110)Ge devices subjected to O 2 PDA. Additionally, a small frequency dispersion kink in the depletion regime was apparent for the as-deposited and O 2 PDA devices, as shown in Fig. 6(a) and (c). The dispersion kink is fully suppressed with FGA and O 2 PMA, as shown in Fig. 6 (e) and (g), mirroring the results for (100)Ge pMOS. Fig. 7 shows the as-deposited, O 2 PDA, O 2 PMA, and FGA G p /ω contours for the (110)Ge MOS-Cs. The G p /ω contours shown are from measurements taken at 78 and 300 K in order to suppress the minority carrier weak inversion response, and therefore yield a more accurate representation of the devices' FLEs. However, as discussed earlier, a significant inversionlike response remains for the measured (110)Ge G p /ω conductance contours, as evidenced in the C-V measurements. Despite this, the Fermi level can be traced at 78 K, as shown in Fig. 7 . As with the (100)Ge devices, a significant broadening of the conductance contours was observed at 78 and 300 K for the as-deposited and O 2 PDA schemes, as shown in Fig. 7 . This suggests that for the as-deposited and O 2 PDA processes, a large presence of D it (and/or N OT in the vicinity of the interface) remains following the anneal step, thereby resulting in increased carrier trapping as opposed to O 2 PMA and FGA. Moreover, the Fermi-level traces for the as-deposited and O 2 PDA schemes exhibited arcing at lower temperature, indicative of poor FLE [8] . Conversely, the FGA and O 2 PMA process conditions resulted in devices exhibiting narrow conductance contours and steep Fermi-level traces, and hence demonstrating good modulation of the Fermi level with respect to gate voltage due to improved D it passivation [25] . Additionally, the G p /ω contour intensity for the FGA and O 2 PMA devices was found to decrease with respect to the asdeposited control, corresponding to a decrease in conductance (110)Ge MOS-C on GaAs via an AlAs buffer architecture, where (a) and (b) C-V curves measured at 78 and 300 K for the as-deposited case, (c) and (d) C-V curves measured at 78 and 300 K for the O 2 PDA case, (e) and (f) C-V curves measured at 78 and 300 K for the FGA case, and (g) and (h) are C-V curves measured at 78 and 300 K for the O 2 PMA case. magnitude and a reduction in D it . Table III summarizes the EOT and N OT values extracted from the (110)Ge MOS C-V measurements. As with the (100)Ge devices, EOT was highest under O 2 PMA conditions, correlating with the substantial decrease observed in C max [ Fig. 6 (g) and (h)] previously attributed to the formation of Al 2 O 3 at the Al/oxide interface. Moreover, N OT was found to reduce with annealing, excluding O 2 PDA, and saw the largest improvement via O 2 PMA. Fig. 8 shows D it extracted from the measured (110)Ge devices as processed under each annealing scheme. D it was found to be highest throughout the bandgap for the asdeposited control (black squares), and was improved under the different annealing schemes, with the exception of O 2 PDA. Moreover, a low D it value of 3.84 × 10 11 cm −2 ·eV −1 was achieved using the FGA scheme, whereas a D it minimum of 2.56 × 10 11 cm −2 ·eV −1 was achieved using the O 2 PMA scheme. Mirroring the results from the (100)Ge devices, an increase in D it in proximity to midgap was observed across all devices, due in part to the temperature-dependent supply of minority carriers as well as the shallow traps observed to be specific to epitaxial (110)Ge.
E. Comparison of Epitaxial (100)Ge and (110)Ge pMOS
As hitherto demonstrated, a difference in the efficacy of the interfacial passivation and annealing processes was observed between (100)Ge and (110)Ge pMOS. A comparison of V FB between (100)Ge and (110)Ge more clearly highlights this result, as shown in Fig. 9 . From Fig. 9 , one can find that (110)Ge pMOS exhibited a larger V FB at 300 K, independent of annealing scheme, as compared to (100)Ge. This can be attributed to the difference in GeO x stoichiometry between the two orientations. Specifically, the lower coordination of the Ge 2 O Comparison of ΔV FB extracted from 78 and 300 K C-V measurements (f = 100 kHz) as a function of orientation and annealing. a greater number of oxide (vacancy) defect states, characterized by the O 3 ≡Ge• microstructure, thereby leading to increased charge trapping within the interfacial passivation layer. Moreover, oxide defects in close proximity (≤1 nm) to the GeO x /Ge interface would be electrically indistinguishable from interface disorder-induced D it , thereby leading to an increase in D it on the (110)Ge surfaces studied in this paper. Furthermore, the presence of nonstoichiometric GeO x would suggest incomplete DB passivation due to insufficient oxygen incorporation at the Ge surface during oxidation. These expected results are in agreement with the increased (110)Ge N OT and D it values presented earlier; however, they do not fully explain the discrepancy observed between bulk and epitaxial Ge [13] , the qualitative difference in D it trends for (100)Ge and (110)Ge orientations, and the origin of the difference in (100)Ge and (110)Ge GeO x composition.
To account for these differences, it becomes necessary to understand the impact of crystallographic orientation on surface reconstruction and DB formation. In general, it is understood that surface reconstruction processes occur in order to reduce surface energy and compensate for the unequal interatomic forces experienced by the surface terminating atoms of a crystal [29] . In doing so, additional bonds between surface atoms are formed (e.g., dimers), thereby reducing the DB density at the surface and the surface energy. Correspondingly, the DB density for differing surface orientations is expected to differ, not only due to the intrinsic differences in surface atom density, but as well the corresponding differences in surface reconstruction.
Several decades of work with Si have experimentally confirmed the effect of orientation on DB microstructure and density [30] . Extending this paper and comparing with electrical (e.g., C-V ) results, a near one-to-one correspondence between DB and D it density was observed in many cases [31] , [32] . Similarly, recent work with Ge has identified corresponding P b0 and P b1 -like defect centers on (111)Ge and (100)Ge, respectively [33] , [34] . Moreover, Baldovino et al. [35] have demonstrated the effect of different oxidation conditions and oxidizing species on DB and oxide defect densities, as well as the corresponding density and distribution of D it throughout the upper half of the Ge bandgap. More concretely, Molle et al. [36] have shown a direct correlation between surface reconstruction and the chemical reactivity and MOS properties, e.g., D it , for Al 2 O 3 /In 0.53 Ga 0.47 As MOS interfaces on nominally (100)In 0.53 Ga 0.47 As surfaces. Last, Hudait et al. [4] have revealed a distinct difference in the surface reconstructions of (100)Ge and (110)Ge grown on GaAs substrates [4] .
Based on these interpretations, it can be posited that the observed differences in passivation efficacy in this paper stem from the fundamentally different surface reconstructions, and therefore defect microstructure and reactivity, between epitaxial (100)Ge and (110)Ge surfaces. Correspondingly, the difference in surface reactivity leads to oxygen incorporation that mimics atomic oxygen (O 1 ) oxidation, generating oxide defects (vacancies) within the "bulk" GeO x as well as at the GeO x /(110)Ge interface for (110)Ge surfaces [35] . Conversely, for the oxidation temperature (450°C) employed in this paper, epitaxial (100)Ge surfaces oxidize via the ratelimited O 2 migration process, i.e., molecular oxygen diffusion through the growing interfacial oxide layer [37] , [38] . Thus, it can be said that at temperatures insufficient to promote the formation of GeO 2 , oxide/epitaxial (110)Ge interfaces form the nonstoichiometric Ge 2 O − 3 , leading to degraded MOS device performance. This is further evidenced by the (110)Ge D it trend (i.e., a gradual increase toward midgap) observed in this paper, which mirrors that found by Baldovino et al. [35] for Ge surfaces oxidized via atomic oxygen.
IV. CONCLUSION
In summary, high-quality crystallographically oriented epitaxial (100)Ge and (110)Ge were grown on GaAs substrates using AlAs buffers via solid-source MBE. Various process conditions were implemented for the fabrication of pMOS capacitors on epitaxial (100)Ge and (110)Ge for the first time. HR-TEM micrographs demonstrated the successful growth of device-quality epitaxial Ge layers and sharp heterointerfaces between Al 2 O 3 /Ge as well as Ge/AlAs for each orientation. The fabricated pMOS devices demonstrated excellent electrical characteristics with efficient modulation of the Fermi level from midgap to the conduction band edge, corresponding to a minimum D it value of 1.2 × 10 11 cm −2 ·eV −1 on (100)Ge, indicative of a high-quality oxide/Ge heterointerface and an effective electrical passivation of the Ge surface. PDA under O 2 ambient was found to be less effective at reducing N OT as compared to forming gas or O 2 PMA, indicating that metalinduced bandgap states at the gate metal/dielectric interface have a notable impact on Ge pMOS N OT . On the other hand, a tradeoff must be made between the oxide trap density and EOT when using PMA under O 2 or forming gas ambient.
Additionally, the differences in epitaxial (100)Ge and (110)Ge MOS interfaces have been elucidated for the first time. The effect of surface reconstruction and reactivity was correlated with MOS electrical characterization, suggesting that increased oxidation temperatures are necessary to form stoichiometric GeO 2 on epitaxial (110)Ge surfaces, and thereby improve passivation efficacy. Consequently, the high-quality growth of crystallographically oriented epitaxial (100)Ge and (110)Ge on AlAs/GaAs substrates and the superior electrical characteristics of fabricated (100)Ge and (110)Ge pMOS devices provide a pathway for the realization of future high-mobility Ge-based FinFETs for lowvoltage, high-performance CMOS logic applications.
